Adolescent idiopathic scoliosis (AIS) is the most common musculoskeletal disorder of childhood development. The genetic architecture of AIS is complex, and the great majority of risk factors are undiscovered. To identify new AIS susceptibility loci, we conducted the first genome-wide meta-analysis of AIS genome-wide association studies, including 7956 cases and 88 459 controls from 3 ancestral groups. Three novel loci that surpassed genome-wide significance were uncovered in intragenic regions of the CDH13 (P-value rs4513093 = 1.7E-15), ABO (P-value rs687621 = 7.3E-10) and SOX6 (P-value rs1455114 = 2.98E-08) genes. Restricting the analysis to females improved the associations at multiple loci, most notably with variants within CDH13 despite the reduction in sample size. Genome-wide gene-functional enrichment analysis identified significant perturbation of pathways involving cartilage and connective tissue development. Expression of both SOX6 and CDH13 was detected in cartilage chondrocytes and chromatin immunoprecipitation sequencing experiments in that tissue revealed multiple HeK27ac-positive peaks overlapping associated loci. Our results further define the genetic architecture of AIS and highlight the importance of vertebral cartilage development in its pathogenesis.
Introduction
Scoliosis is defined as a rotational deformity of the spine that measures >10 degrees in the coronal plane. Scoliosis can occur with other comorbidities, particularly in heritable disorders of neuromuscular or connective tissue development. However, in more than 80% of patients, the origins of scoliosis are idiopathic. This form of scoliosis affects ∼3% of children worldwide, typically coinciding with the adolescent growth spurt in individuals who are otherwise healthy and bear no obvious structural deficiencies in the vertebral column and associated soft tissues (1, 2) . Individuals affected with adolescent idiopathic scoliosis (AIS) risk increasing deformity until the cessation of growth at the time of skeletal maturity. Individuals affected with large curves (>50 degrees) may continue to worsen throughout adulthood, albeit at a slower rate (1, 3) . Progression of the deformity can be rapid, requiring comprehensive screening for early diagnosis. AIS patients with progressive disease require active treatment, such as bracing and spinal fusion surgery, modalities that are associated with psychological and physical ramifications and may be complicated by neurologic damage, infection and long-term loss of spinal motion (1) . Hospital costs of operative treatment alone exceed 1 billion USD annually in the US, a number that is rising sharply due to the increasing price of rod instrumentation systems (4) . The natural history of untreated progressive AIS is the potential for chest wall compromise with concomitant lung restriction, pain and spinal osteoarthritis (1) .
AIS is notable for its striking sexual dimorphism, with girls having a more than 5-fold greater risk of progressive deformity than boys and nearly 10 times more likely to require operative treatment (5) . Consequently, hospital-based AIS populations are mostly female. The reasons for the dichotomy in female/male disease expression are not known. One model to explain sexual dimorphism is differences in genetic loading between males and females, with the least affected sex (males) requiring a stronger genetic load to acquire disease, a so-called Carter effect. One study of a cohort of multiplex families has provided epidemiological evidence for this genetic model (6) .
Genetic factors in human AIS have been recognized for almost a century. Population studies have revealed increased concordance in monozygotic versus dizygotic twins and ∼5-fold increased risk to siblings of individuals with AIS (7) (8) (9) . While rare AIS families with Mendelian-like inheritance patterns exist, heritability studies support a more complex model in which multiple genetic susceptibility factors comprise the total mutational burden (10-13). Population-based genome-wide association studies (GWASs) have defined the majority of AIS susceptibility loci thus far, mostly in cohorts that are wholly or predominantly female. A study of 1033 East Asian cases and 1473 matched controls identified the first major AIS susceptibility locus on chromosome 10q24.31 near the gene encoding LBX1 (14) . Subsequent GWASs identified AIS susceptibility loci on chromosome 6q24.1 within the GPR126 (ADGRG6) gene (15) and within putative enhancers of the PAX1 (16) and BNC2 genes (17) . GWASs of severely affected AIS subjects (spinal deformity above 40 degrees) have identified two loci, one on chromosome 17q24.3 in a gene desert between the SOX9 and KCNJ2 genes and a second within MIR4300HG.
The mechanisms driving AIS susceptibility conferred by these loci are largely undefined. LBX1 (OMIM 604255) activity is observed during embryogenesis, with expression restricted to the developing central nervous system and muscles. Lbx1 knockout (KO) mice, which display extensive muscle loss at birth (18) (19) (20) , defects in heart looping and myocardial hyperplasia (21) and aberrant neuronal populations, do not exhibit scoliosis (22, 23) . However, both over-expression as well as morpholino knockdown of the three lbx ohnologs in zebrafish produced scoliosis, suggesting that LBX1 may play a dosage-sensitive role in spine deformity (24) . Several candidate genes associated with human AIS participate in forming the intervertebral disc (IVD). PAX1, encoding the paired box 1 transcription factor, is an early marker of the developing sclerotome that is required for appropriate formation of vertebral bodies and may regulate the transformation of the notochord into the nucleus pulposus of the IVD (25) . Selective removal of Gpr126 protein (also known as adhesion G-protein-coupled receptor G6) from osteochondroprogenitor cells produces mice with a lateonset idiopathic scoliosis phenotype and an apparent failure of midline fusion within the developing annulus fibrosis of the IVDs (26) . Whether SOX9 contributes to the chromosome 17q24.3 association with AIS severity is unclear, but it is an excellent candidate, given its known role in regulating GPR126 gene expression as well as other factors that control development and homeostasis of the growth plate, articular cartilage and the IVD (27, 28) .
While these studies have enabled hypothesis-driven investigations of AIS pathogenesis (24, 26) , the majority of factors contributing genetic risk to the disease remains undefined. Experience with other complex genetic disorders and traits suggests that common variation may contribute appreciably to disease risk; however, continually increasing sample sizes and other measures are needed to achieve the power necessary for their detection (29, 30) . Trans-ethnic genetic studies can leverage power from the differences in population-specific genetic architecture to identify novel common variation contributing to complex traits and diseases (31) . AIS does not generally cluster within any particular geographic region, population or ethnicity (32) . In addition, prior multi-ethnic meta-analyses of single AIS susceptibility loci on chromosomes 10q24.31 (33) and 9p22.2 (34) provided substantially increased power over individual results. We therefore sought to identify and validate novel AIS susceptibility loci by performing the first genome-wide trans-ethnic meta-analysis applied to existing imputation-driven GWASs, an effort we organized through The International Consortium for Spine Genetics, Development, and Disease (ICSGDD) (35) (formerly International Consortium for Scoliosis Genetics). For the first time, we also analyzed the combined effects of all GWASs loci to identify pathways that are significantly perturbed in AIS. Finally, we performed RNA expression analyses and chromatin immunoprecipitation sequencing (ChIPseq) experiments, revealing potential regulatory elements overlapping with AISassociated loci. Our results highlight pathways of cartilage and connective tissue development in AIS and provide new genetic insights into its pathogenesis.
Results

Meta-analysis of GWASs
Through ICSGDD we organized an international collaboration to discover new genetic risk factors for AIS. We performed a genome-wide meta-analysis that combined data for 3 493 832 single-nucleotide polymorphisms (SNPs) shared among six discovery GWASs from Japan [JP1 (17) ], Hong Kong (HK) and the USA (Texas-GWAS1 (36), Texas-GWAS2 (37), Texas-GWAS3 and Missouri-MO1) of a total of 33 476 samples (Supplementary Material, Table S1 ). All studies were approved by the relevant ethics committees and all subjects were collected with informed consent, as detailed in the Methods section. Cohorts and genotyping platforms are summarized in Supplementary Material, Fig. S1 ). Association testing in JP1 was previously computed (17) . We computed tests of association with imputed allele dosages for 5 data sets (Texas-GWAS1, Texas-GWAS2, Texas-GWAS3, MO1 and HK) independently using logistic regression with gender and 10 additional principal components as covariates (38) . To perform the meta-analysis, summary statistics across all six discovery studies were then combined using the inverse-variancebased method as implemented in METAL (39) (Fig. 1 Fig. S4A ). Other loci that did not surpass genome-wide significance in this meta-analysis were not included in the heritability study, yet may also contribute to the genetic architecture of AIS (Supplementary Material, Table S3 ).
The risk of progressive deformity is more than 5 times greater in females than in males, and girls are about 10 times more likely to require surgical correction of their deformity (42) . Males with AIS may be expected to carry more penetrant and rare AIS risk alleles, but our study was underpowered to study that group independently (6) . Instead, we removed male genotypes (9.3% of the total cases in our discovery study) and performed a separate female-specific meta-analysis. SNPs at the LBX1, GPR126 and PAX1 genes remained the most statistically significant. We noted that the novel association within the CDH13 gene improved by an order of magnitude (P = 2.29E-09; Supplementary Material, Table  S4 ) and surpassed BNC2 in the female-only analysis despite the reduction in sample size. These results suggest that the risk of AIS conveyed by CDH13 may be particularly relevant in females. In contrast, the evidence for the novel association with the ABO and SOX6 loci (rs687621, rs1455114) decreased considerably with removal of male subjects. Fifteen additional loci that improved in the female-only analysis and provided suggestive evidence of association are given in Supplementary Material, Table S4 .
Estimation risk proportions explained by seven AIS-associated loci
We applied multiple statistical measures to estimate the population attributable risk of disease conferred by the seven AIS-associated loci that surpassed genome-wide significance. The four measures tested gave fairly consistent estimations of the AIS risk proportions explained by these loci (Supplementary Material, Fig. S3 ), ranging between 2.94 and 6.35% in the combined East Asian cohorts (JP1-2 and HK) and between 2.61 and 5.67% in the combined European ancestry cohorts (Texas-GWAS1-3, MO1 and Swedish-Danish). It is interesting to note that in these analyses the chromosome 10q24.31 locus appears to confer a slightly higher proportion of risk to East Asian versus European ancestry populations (Supplementary Material, Fig. S3 ).
Gene-functional enrichment analysis
In order to understand the combined effects of SNPs, we sought to discover perturbation of gene ontology (GO) cellular components, biological processes and molecular functions in our study. We obtained 17 GO terms that were statistically significant at the 0.05 false discovery rate (FDR) cutoff. There were 13 GO terms (pathways) significantly impacted in both reference populations (Fig. 4) . The top three pathways include the following: cartilage development (GO:0051216, with an average FDR value of 2.47E-03), connective tissue development (GO:0061448, with an average FDR = 2.45E-03) and embryo development (GO:0009790, with an average FDR = 2.45E-03). Genes involved in the cartilage and connective tissue development pathways, and genes with P ≤ 0.05, are shown in Supplementary Material, Table S8 . Applying a less-stringent FDR cutoff as suggested by the gene set enrichment analysis (GSEA) (43) captured additional pathways The black and gray dots represent the P-value from six discovery studies (JP1, Texas-GWAS1-3, MO1 and HK). The triangles represent the overall P-value after combining the discovery studies with the two independent replication cohorts (JP2 and Swedish-Danish). The horizontal line represents the threshold for genome-wide significance level (P < 5×10 -8 ) after
Bonferroni multiple testing correction. For chromosome X, association P-values were calculated using only females.
from the AIS meta-analysis that may participate in disease pathogenesis (Supplementary Material, Table S9 ).
Gene expression and ChIP-seq
The key role of SOX6 in regulating chondrogenesis and cartilage development is well described (44, 45) . To evaluate other AIS-associated genes in cartilage development, we performed real-time amplification of total RNA from the mouse N1511 chondrocytic cell line (46) and rib cartilage tissue and compared to the expression of Col2a1, Sox5 and Sox9 (Supplementary Material, Fig. S5 ). Sox6 was barely detectable in N1511 cells as expected for cells that are naive to chondrogenesis, but in the mouse rib cartilage its expression exceeded Sox5. The expression of Abo was not detected in either tested cell type. However, we found robust steady-state expression of Cdh13 in both N1511 cells and rib cartilage, particularly in N1511 cells that are naïve to chondrogenesis. In these cells, Cdh13 expression was strikingly similar to Gpr126 and significantly more than each of Col2a1 and Sox5. This was in contrast to its relatively lower expression in rib cartilage, as compared to Gpr126 and Sox9.
To define functional elements that could drive the associations we observed within the SOX6 and CDH13 genes, we performed H3K27ac ChIP-seq of mouse cartilage chondrocytes to identify active chromatin regions such as enhancers and promoters (47, 48) . This identified multiple highly enriched peaks that mapped within SOX6-and CDH13-associated interval, defined as regions with SNPs in strong linkage disequilibrium (R 2 >= 0.8) with the top-associated SNP, Fig 3B. No obvious peaks were found within the ABO-associated locus, Fig. 3C . In addition, we also screened potentially relevant H3K27ac ChIP-seq data sets in human stem cells (H1-ESC) and skeletal muscle (HSMM) available in the Encyclopedia of DNA Elements (ENCODE). These comparisons revealed a pattern of active chromatin in human stem cells and skeletal muscle for all three regions (Fig. 3) .
Discussion
An obstacle to discovering genetic associations with complex diseases, such as AIS, is insufficient statistical power to detect relatively weak effects contributed by each locus. To overcome this limitation, we organized the largest GWAS of AIS to date through an international consortium-based effort. We sought to achieve further gains in power by applying imputation-driven multi-ethnic meta-analysis methods. The results of this study identified three novel AIS associations, within CDH13, SOX6 and ABO, that were not significant in any independent AIS studies. CDH13 encodes the cadherin 13 or 'T-cadherin' protein. The cadherin family of transmembrane molecules classically mediates Ca 2+ -dependent homophilic intercellular adhesion. Within this family, T-cadherin is structurally distinct as it lacks transmembrane and cytoplasmic domains and is attached to the plasma membrane via a glycosylphosphatidylinositol anchor (49) . During development, T-cadherin is expressed in regions avoided by neural crest cells migrating from the neural tube, suggesting it may act as a negative guidance cue for axonal growth, and it is also highly expressed throughout the early developing sclerotome, with later expression restricted to the caudal sclerotome (50) . T-cadherin is also expressed in proprioceptive sensory neurons of the dorsal root ganglion in response to spatially restricted signals from the limb mesenchyme that it innervates (51) . A role for CDH13-mediated proprioception is plausible in AIS, given that proprioceptive mechanisms are proposed to be essential for maintaining proper spinal alignment and for potentially preventing scoliosis (52) . Our data suggest that CDH13 is expressed in mouse early chondrocytes and rib cartilage, consistent with reports of its expression in adult articular cartilage (50, 53) . Further tissue-specific functional analyses are required to elucidate the normal physiologic roles of CDH13 in these tissues and its contributions to spinal development and deformity. SOX6, encoding SRY-box 6 transcription factor, is a member of the Sex-determining Y box transcription factor (SOX) family of transcription factor proteins defined by the conserved high mobility group DNA-binding domain. SOX6 and the closely related SOX5 [MIM:604975] as well as SOX9 [MIM: 608160] share largely overlapping DNA-binding sites and are expressed in the developing sclerotome and/or notochord. The SOX trio cooperatively drives chondrogenesis through transcriptional activation of super enhancers (54) . KO mice lacking Sox6 display small, fragmented nucleus pulposi and Sox6 -/-mice that survive to adulthood develop kinked tails, apparently due to compressions in the IVD that are particularly localized within the nucleus pulposus (45) . While SOX6 is clearly a key player in disc biogenesis and in chondrogenesis, it has also been shown to be essential for correct muscle fiber-type specification in the zebrafish. Surviving zebrafish with homozygous loss of sox6 display disrupted muscle fiber-type identity and a striking spinal curvature that progresses with age (55). As noted, Gpr126 has been linked to Sox-mediated mechanisms and may be a SOX target, as its RNA levels are reduced when Sox9 is removed from mouse cartilage or chondrocytes in culture (27, 56) . We also hypothesize that SOX6 affects the expression of another AIS candidate gene, PAX1 (37) . Pax1 expression is a well-characterized marker of the developing sclerotome (25) . By E15.5, this expression is normally restricted to the perichondrium and outer annulus of the disc. However, in Sox5 -/-/Sox6 -/-mutants, Pax1 is still widely expressed throughout the IVD, suggesting its spatial expression is under the control of one or both Sox factors (45) . These observations suggest that the functional mechanism underlying the AIS association may be due to a reduction in SOX6 activity. The novel association with the 9q34.2 locus (represented by SNP rs687621) occurs within the ABO gene (Supplementary Material, Fig. S4C ). ABO glycosyltransferases catalyze the transfer of carbohydrates to the H antigen, forming the antigenic structures of the ABO blood group [MIM:616093]. Nonsynonymous and deletion variants in ABO determine the A, B and O blood types. Other diseases and traits associated within ABO include protection against malaria, regulation of interleukin-10 levels and other inflammatory biomarkers as well as susceptibility to Graves' disease, venous thromboembolism and childhood obesity (57) (58) (59) (60) (61) . ABO is expressed at varying levels in a variety of tissues (GTEx Portal, see web resources section), and its downregulation is also associated with certain cancers (62) . However, we did not see ABO gene expression in the mouse N1511 chondrocytic cell line and rib cartilage (Supplementary Material, Fig. S5 ). We sought to determine whether blood type-determining SNPs could be contributing to the association with AIS. We found that these SNPs were correlated to varying degrees with rs687621 in both European and Asian populations, and accordingly, these SNPs produced some evidence for association with AIS (Tables S5, S6 ). Although historically, AIS has not been associated with any particular blood type, we cannot exclude the possibility that blood-determining variants functionally contribute to AIS. We hypothesize, however, that the association we observed is driven by other 9q34.2 variants in linkage disequilibrium with rs687621, possibly affecting ABO glycosyltransferases activity in AIS-relevant tissues.
Other loci that did not surpass genome-wide significance in this meta-analysis (Supplementary Material, Table S3 ) may also contribute to the genetic architecture of AIS. For example, SNP rs7822863 approached genome-wide significance (P = 9.3E-08) and is encoded in an 8q13. 3 Gene-functional enrichment analysis of our meta-analysis identified several gene classes that are over-represented in AIS and consequently may contribute to its pathogenesis. This analysis provided evidence for significant enrichment of genes involved in cartilage and connective tissue development pathways. In particular, along with SOX6 and SOX9, we noted other genes within the cartilage development (GO:0051216) pathway that have been linked to scoliosis. RUNX3 (OMIM 600210) is involved in maintaining spinal alignment where deletion of Runx3 in the peripheral nervous system in mouse induced peripubertal scoliosis (52) and the over-expression of Runx2 in mice caused scoliosis due to IVD degeneration (70) . In a prior study, rare variant study of 391 severe AIS cases and 843 controls, pathway burden analysis identified significant enrichment of nonsynonymous and splice-site variants in extracellular matrix genes. While this association was mostly driven by variants in COL11A2 (OMIM 120290), nominal association was also noted with variants in COL11A1 (OMIM 120280) (71) . Both COL11A1 and COL11A2 encode fibrillary collagens most abundantly found in cartilage (72) . Continued integration of these results with other data sets, such as functional and physical protein-protein interaction networks, canonical pathways and rare-variant burden tests should prove useful for predicting pathways that are perturbed in AIS. Overall, these results expand the catalog of AIS candidate genes available for tissue-specific genetic targeting and other detailed characterizations that will elucidate the mechanistic underpinnings of AIS. Our study also demonstrates the power to identify novel candidate genes by stringent meta-analysis of common variant GWASs derived from genetically diverse populations.
Materials and Methods
Sampling information and genotyping platforms
Japan Cohorts (JP1-2). A total of 4841 case subjects (2104 in JP1 and 2737 in JP2) were recruited from collaborating hospitals (Japanese Scoliosis Clinical Research Group) as previously described (17) . All patients underwent clinical examinations and radiologic evaluations by expert scoliosis surgeons. Informed consents were obtained from all the subjects or their parents and the ethics committees of RIKEN and participating institutions approved this study. For controls, 10 736 subjects in JP1 and 56 815 in JP2 were randomly selected from the BioBank Japan Project (see Web Resources) as previously described (17) . All subjects in JP1 were genotyped on the Illumina Human (Hap550, Hap600, OmniExpress, Illumina, San Diego, CA) arrays as previously described (14) . Cases in JP2 were genotyped using a multiplex PCR-based Invader assay (73) , and the genotypes were called by visual inspection for all SNPs. Controls in JP2 were genotyped using the Illumina HumanOmniExpressExome BeadChip or a combination of HumanOmniExpress and HumanExome Beadchip and then imputed using minimac3 (74) with 1000G-Phase3.V.5.
Texas cohorts (Texas-GWAS1, Texas-GWAS2, Texas-GWAS3).
The cases in Texas GWAS1-3 as well as controls in Texas-GWAS2 were recruited at Texas Scottish Rite Hospital for Children as approved by the Institute Review Board of the University Texas Southwestern Medical Center as previously described (36) . Only subjects of self-reported as European (non-Hispanic white) ancestry were included in the present study. Phenotypes of all controls were reviewed to exclude individuals with musculoskeletal or neurological disorders. GWAS1 cases were genotyped as previously described (36) . For Texas GWAS1 controls, we used genotypes by permission from the Database of Genotypes and Phenotypes (dbGaP) (see Web Resources) from the following three data sets: (i) National Institute of Neurological Disorders and Stroke CIDR: Genome-Wide Association Study in Familial Parkinson Disease (phs000126.v1.p1), where we used 861 European ancestry individuals that were negative for neurological disease by self-report. (ii) National Institute of Diabetes and Digestive and Kidney Diseases IBD Genetics Consortium: Crohn's Disease Genome-Wide Association Study (phs000130.v1.p1), where we used 505 subjects with non-Jewish European ancestry who were without history of inflammatory bowel disease. (iii) National Institute on Aging: Late Onset Alzheimer's Disease Family Study: Genome-Wide Association Study for Susceptibility Loci (phs000168.v1.p1), where we used 890 unrelated European ancestry healthy control subjects. GWAS2 cases and controls were genotyped on the Illumina HumanOmniExpress Array as previously described (37) . GWAS3 cases were genotyped on the Illumina HumanCoreExome beadchip. For Texas GWAS3 controls, we utilized a single data set of individuals downloaded from dbGaP web site (see Web Resources) from Geisinger Health System-MyCode, eMERGE III Exome Chip Study under phs000957.v1.p1.
Missouri ohort (MO1).
For MO1, AIS patients of European ancestry were included in the present study. All protocols were approved by the institutional review board. MO1 cases were genotyped on the Affymetrix 6.0 Array as described previously (75) . For MO1 controls, we used 7681 European ancestry subjects downloaded from dbGaP web site (see Web Resources) from the Atherosclerosis Risk in Communities (ARIC) study (phs000280.v3.p1). The ARIC study is a prospective epidemiologic study conducted in US communities using 16 569 DNA samples, of which 13 443 were successfully genotyped using the Affymetrix 6.0 SNP array and passed the Broad Institute's quality control (QC) process. More information about the ARIC study can be found in 'The ARIC investigators' (76) .
Hong Kong cohort (HK).
A total of 539 subjects were recruited at The Duchess of Kent Children's Hospital as approved by the Institute Review Board of the University of Hong Kong (IRB approval number: UW 08-158). Cases and controls were genotyped with Affymetrix Genome-Wide Human SNP Array 6.0 and Affymetrix Human Mapping 500K Array Set at the Centre of Genomics Sciences in the University of Hong Kong, respectively. All controls in the HK cohort were reportedly healthy and excluded for any bone, muscle or neurological disorders. Wang et al. 2015) . Cases genotyping was performed using MassARRAY ® System, combined with iPLEX ® chemistry as described previously (77) . For controls, we used a total of 1996 females of European ancestry from the following 2 cohorts: the Osteoporosis Prospective Risk Assessment study (OPRA) and the PEAK study as previously described (41) . The OPRA cohort was genotyped using the Illumina Human Omni Express Exome chip and then imputed using IMPUTE 2.1.2. The PEAK-25 cohort was genotyped using the Infinium ® Global Screening Array and then imputed using Eagle phasing v3 and Minimac. To determine concordance between actual genotypes and imputed genotypes, the concordance between genotyping performed using MassARRAY ® System and iPLEX ® (Agena Bioscience, San Diego, CA) chemistry was compared with the results from the genotyping and subsequent imputation in the Human Omni Express Exome chip in 100 individuals in the PEAK cohort. Concordance ranged between 95% and 100% for the different genotypes in this study.
Imputation and association
Genotypes for JP1 were imputed as previously described (17) . For the other five data sets (HK, Texas-GWAS1, Texas-GWAS2, Texas-GWAS3 and MO1), the subjects in each study were checked for sex inconsistencies using PLINK.1.9 (78) . Duplicated or related individuals were removed as described by Anderson et al. (79) . We used the principal component analysis (80) on the data projected onto HapMap3 samples as recommended by Mitchell et al. (81) to correct for possible stratification due to underlying population differences. We applied initial per-SNP quality control measures using PLINK including genotyping call-rate per marker (>95%), deviation from Hardy-Weinberg equilibrium (cut-off P = 10 -4 ) and the missingness rate between cases and controls (cut-off P = 10 -4 ). Genotypes for autosomal chromosomes were imputed for each of HK, Texas-GWAS1-2 and MO1 data sets applying minimac2 (82) with the 1000G-Phase3.V.5 reference panel as described in the instructions provided by the software developer available from the software website (see Web Resources). Texas-GWAS3 genotypes were imputed using Minimac3 (74) as described in the instructions provided by the software developer available from the software website (see Web Resources) with the same reference panel used for other studies. Genotypes imputation for chromosome X in Texas-GWAS1-3, MO1 and the HK data were also done in Minimac3 (74) using only female subjects. Only unique bi-allelic common SNPs (minor allele frequency (MAF) > 0.05) with imputation quality Rsq >0.3 for the data imputed in minimac2,3 and info >0.4 for IMPUT2 were included for further analysis. To ensure that the shared SNPs among tested discovery studies did not have strand issues or any other obvious allele miscoding we plotted the alternative allele frequency in each study compared to their expected frequencies in the 1000 Genomes Project (83) (Supplementary Material, Fig.  S1 ). The number of subjects and SNPs that remained after quality control in each cohort are shown in Supplementary Material, Tables S1 and S2, respectively. Genome-wide association analysis in JP1 was performed for the imputed allele dosages in R package snpStats (84) by using a score test in a generalized linear model as described before (17) . For JP2, the allele dosage was calculated then the association test was performed using logistic regression with gender correction using Mach2dat (38) . Genome-wide association for the imputed allele dosages in each of the HK, Texas-GWAS1-3 and MO1 data sets was performed by Mach2dat (38) using logistic regression with gender and 10 principal components as covariates. For the Swedish-Danish cohort, the logistic regression was performed in IBM SPSS Statistics for Windows, Version 25.0. Armonk, NY.
Meta-analysis
For the meta-analysis, we applied three pre-meta-analysis quality assurances. First, to maximize the overlap in the number of SNPs between discovery studies, we harmonized SNP identifiers by creating a unique SNP-ID called ChrPosID which uses the unique format 'chr: position' as recommended by (83) . We successfully overlapped 3 821 032 by ChrPosID. Second, to ensure proper meta-analysis for SNPs shared among ethnicities, we required each SNP to have the identical effect and noneffect alleles throughout the discovery studies. As a post-metaanalysis QC, we checked whether observed effect sizes were homogeneous across studies, by calculating I 2 statistics and the Cochran's Q-test for heterogeneity (HetPVal) per SNP (85) as implemented in METAL (39) . Then to perform the meta-analysis, we first controlled for inflation by applying genomic control correction of the individual GWASs results. Summary statistics across all six discovery studies were then combined using the inverse-variance-based method as implemented in METAL (39) .
Estimation of AIS risk proportions explained by seven associated loci
To estimate the variation contributing to AIS risk for the loci identified in this study we tested the most commonly used measures as recommended by Witte et al. (86) and implemented in the INDI-V software (87) . This included Approx. Herit. (approximation of heritability expressed as a proportion of total heritability), Sibling RR (sibling recurrence risk), Family RR (genetic variance on log relative risk scale explained) and pAUC (the proportion based on the area under the receiver-operating curve). For common low-risk variants, as we have for AIS in this study, the measures are fairly uniform. However, they can include different types and amounts of information (86) .
Gene-functional enrichment analysis
We performed pathway enrichment analysis using MetaAnalysis Gene-Set Enrichment of variaNT Associations (MAGENTA) (88) . Briefly, MAGENTA uses SNP P-values that are derived from genetic association studies to generate gene-based P-values. Genes are assigned P-values based on minimum SNP P-value (aka 'best SNP') among all SNPs that are located in a pre-defined genetic boundary. Following this, gene P-values are adjusted to account for confounding factors such as physical gene size, genetic distance and number of independent SNPs per kilobase (kb) for each gene. Gene P-values are then subjected to a GSEA (43) technique which was previous developed for transcriptional studies to compute significantly enriched pathways. In the present study, association P-values for all 3 493 832 SNPs from the discovery stage of the meta-analysis were used without prior filtering to account for the effects of all SNPs. We collected gene functional annotation data for 5917 various GO cellular components, biological processes and molecular functions from the Molecular Signatures Database (MsigDB, v6.1) (43) . In addition, independent SNPs for Asian (EAS) and European (EUR) populations were generated using genotypes from the 1000-genome project and default pruning settings in PLINK (78) . We tested our analysis on these two populations since our meta-study contains data from mixed populations. Gene boundaries were set at 110 kb upstream and 40 kb downstream as recommended by MAGENTA. Finally, nominal GSEA P-values were exported from MAGENTA output files into the R statistical package and P-values were then adjusted for multiple hypothesis testing using the FDR method.
Gene expression in a clonal chondrocytic cell line
Total RNA was extracted from the clonal chondrocytic cell line N1511 (46) using RNeasy Mini Kit (Qiagen, MD, USA) and from postnatal day 29 mouse rib cartilage using RNeasy Lipid Tissue Mini Kit (Qiagen, MD, USA) according to the manufacturer's instructions. cDNA was synthesized using High-Capacity RNA-to-cDNA kit (Applied Biosystems, CA, USA) according to the manufacturer's instructions. Primer sequences for real-time amplification are given in Supplementary Material, Table S7 . The qPCR was performed on a 7500 real-time PCR system (Applied Biosystems, CA, USA). Amplification reactions consisted of iTaq Universal SYBR Green Supermix (Bio-Rad, CA, USA), 10 μm forward and reverse primers (Sigma-Aldrich, MO, USA) and 1 μL of 1:5 diluted cDNA template. Primers were designed using Primer3 and tested for specificity in silico using NCBI PrimerBlast (see Web Resources). The amplification was carried out with an initial holding step at 50
• C for 2 min followed by a denaturation step at 95
• C for 10 min followed by 40 cycles of 95
• C for 15 s and 60
• C for 1 min in a 10 μL reaction volume. Each biologic replicate (N = 3) included three technical replicates. Melting curves were generated after the 40 cycles to confirm specificity.
Chromatin ChIP-seq
Costal chondrocytes from the anterior rib cage and sternum of postnatal day (P) 2-4 mice were isolated in 2 biological replicas as previously described (26) . Briefly, rib cages were dissected, soft tissues were removed and rib cages digested at 37
• C for 1 h in 2 mg/ml pronase and then washed in phosphate-buffered saline (PBS). Rib cages were then further digested for 1 h using 3 mg/ml collagenase D in Dulbecco's Modified Eagle Medium at 37
• C and 5% CO2 followed by 3 PBS washes to remove digested tissue. Remaining cartilage was then further digested for 4-6 h in 3 mg/ml collagenase D and then filtered through a 45 μm cell strainer to obtain chondrocytes. Chondrocytes were crosslinked using 1% formaldehyde by standard techniques (89) . ChIP was performed using an antibody against H3K27ac (Millipore, Burlington, MA 05-1334) using the LowCell# ChIP kit (Diagenode, Seraing, Belguim). Illumina sequencing libraries were generated using the Accel-NGS 2S Plus DNA Library Kit (Swift Biosciences, Ann Arbor, MI). Sequencing was done on a HiSeq 4000 and computational analyses was performed using Bowtie (90) and MACS (91) .
Supplementary Materials
Supplementary Materials are available at HMG online.
